Aims Mediterranean mountain species face exacting ecological conditions of rainy, cold winters and arid, hot summers, which affect seed germination phenology. In this study, a soil heat sum model was used to predict field emergence of Rhamnus persicifolia, an endemic tree species living at the edge of mountain streams of central eastern Sardinia. † Methods Seeds were incubated in the light at a range of temperatures (10 -25 and 25/10 8C) after different periods (up to 3 months) of cold stratification at 5 8C. Base temperatures (T b ), and thermal times for 50 % germination (u 50 ) were calculated. Seeds were also buried in the soil in two natural populations (Rio Correboi and Rio Olai), both underneath and outside the tree canopy, and exhumed at regular intervals. Soil temperatures were recorded using data loggers and soil heat sum (8Cd) was calculated on the basis of the estimated T b and soil temperatures. † Key Results Cold stratification released physiological dormancy (PD), increasing final germination and widening the range of germination temperatures, indicative of a Type 2 non-deep PD. T b was reduced from 10 . 5 8C for nonstratified seeds to 2 . 7 8C for seeds cold stratified for 3 months. The best thermal time model was obtained by fitting probit germination against log 8Cd. u 50 was 2 . 6 log 8Cd for untreated seeds and 2 . 17-2 . 19 log 8Cd for stratified seeds. When u 50 values were integrated with soil heat sum estimates, field emergence was predicted from March to April and confirmed through field observations. † Conclusions T b and u 50 values facilitated model development of the thermal niche for in situ germination of R. persicifolia. These experimental approaches may be applied to model the natural regeneration patterns of other species growing on Mediterranean mountain waterways and of physiologically dormant species, with overwintering cold stratification requirement and spring germination.
INTRODUCTION
Seed dormancy prevents germination in a specified period of time, under any combination of environmental factors that otherwise favour germination (Baskin and Baskin, 2004) . Thus, dormancy is an adaptive trait that optimizes the distribution of germination over time in a population of seeds (Copete et al., 2011) . In seasonal climates, temperature is usually the main environmental factor governing seed germination in moist soil (Fenner and Thompson, 2005) . Seeds of many temperate plant species are dormant at the time of dispersal, and specific temperature requirements must be met before dormancy is lost and germination is possible (Baskin and Baskin, 1998) . Depending on the species and timing of dispersal, seeds may experience a warm period before autumn and winter begin, or be subjected to cold stratification during winter immediately after autumn shedding (Baskin and Baskin, 1989; Noronha et al., 1997) . The requirement for chilling, widespread amongst temperate species, represents a natural mechanism which ensures that germination occurs in the spring (Probert, 2000) . During exposure to low temperatures, the range of temperatures over which seeds will germinate, as well as germination percentages, increases (Baskin and Baskin, 1988) .
The Mediterranean climate is characterized by its seasonality in temperature and precipitation, which leads to a hot drought in summer and a cool, wet, winter (Joffre et al., 1999) . This peculiarity has important implications for plant germination physiology, since dry summer conditions limit water availability and thus germination and growth, while cool winter temperatures can limit germination during the season with high water availability (Rundel, 1996) .
The canopies of woody plants modify the microclimate beneath and around them through interception of precipitation and by shading, which influence maximum soil temperature and the amount of soil moisture available to plants (Breshears et al., 1998) . As the course of action and relative importance of factors regulating germination in the laboratory may be quite different from those occurring under field conditions (Thompson, 1973) , linkage between field, garden and laboratory studies is crucial (Brändel and Schütz, 2005) .
As reproduction niche and reproductive success are related to temperature, all aspects of the plant reproductive cycle are potentially sensitive to climate change (Bykova et al., 2012) . The Intergovernmental Panel on Climate Change (IPCC) has predicted temperature increases of approx. 2 -4 8C by 2090-2099. Furthermore, in the Mediterranean region, a declining trend of precipitation was observed from 1900 to (IPCC, 2007 . In response to climate change, plants can adapt to the new environmental conditions or, when possible, migrate to track their climatic niches (Meineri et al., 2013) .
In non-dormant seeds, the germination response to accumulated temperature has been modelled by a thermal time (u) approach (Garcia-Huidobro et al., 1982; Covell et al., 1986; Ellis et al., 1986 Ellis et al., , 1987 Pritchard and Manger, 1990; Hardegree, 2006) . In this model, seeds accumulate units of thermal time (8Cd) to germinate for a percentile g of the population. When seeds are subjected to temperatures (T ) above a base temperature for germination (T b ), the germination rate increases linearly with temperature to an optimum temperature (T o ), above which germination rate starts to decrease (Garcia-Huidobro et al., 1982) . Thus, in this sub-optimal range (T o -T b ), germination occurs in the time t g , when the thermal time accumulated has reached the critical value (u g ) for a percentile g of the population, and can be described as u g ¼ (T -T b )t g .
Intraspecific variation in T b among seed populations may be due to different environmental conditions during seed development (Daws et al., 2004) . However, T b has also been found to change with dormancy status. In particular, Pritchard et al. (1999) found that T b decreased by 1 8C every 6 d of pre-chilling at 6 8C in Aesculus hippocastanum seeds. Thus seed dormancy release in this species could be described simply in terms of T b reduction, gradually allowing germination to occur at progressively lower temperatures (Pritchard et al., 1999) . In addition, subsequent seed germination may be predicted in relation to thermal time accumulation (heat sum, 8Cd) above a gradually reducing T b (Steadman and Pritchard, 2004) . This approach has been used to predict seed germination in the field (i.e. Hardegree and Van Vactor, 2000; Steadman et al., 2003; Chantre et al., 2009) and, more recently, to assess the impact of different simulated climate change scenarios on seed dormancy release and germination timing in Vitis vinifera subsp. sylvestris (Orrù et al., 2012) .
Sardinian massifs represent a southern European refugium for some temperate tree species sensu Tzedakis et al. (2002) . In this region, vegetation among mountain waterways is mainly constituted by Alnus glutinosa woods, where the rare Sardinian endemic Rhamnus persicifolia may also be found. Seeds of the Rhamnaceae have an investing embryo (Martin, 1946) and can be non-dormant or, following the dormancy classification system Baskin, 1998, 2004) , show physiological (PD), physical dormancy (PY) or combined ( physical and physiological; PY + PD) dormancy. Physical dormancy is the most represented class in this family (61 % of the investigated species), followed by PY + PD (22 %), PD (12 %) and nondormancy (ND) (6 %; Walck et al., 2012) . Mattana et al. (2009) reported that germination of R. persicifolia seeds could be achieved, without any scarification, at warm temperatures (≥20 8C), excluding the presence of PY. Whilst there was no obligate requirement for alternating temperature or light, prechilling had a positive effect on the germination rate, reducing T 50 by .50 % and indicating the presence of PD in seeds of this species. However, the effect of pre-chilling on seed germination over a wide range of temperatures, and the identification of the type of PD according to the seed dormancy classification system (Baskin and Baskin, 2004) , remain to be investigated.
The aims of this work were to (1) investigate the thermal requirements for seed dormancy release and germination of the rare R. persicifolia and (2) develop a thermal-time model, based on a soil heat sum approach, in order to characterize the thermal niche for seed germination and predict the seed germination phenology in the field.
MATERIALS AND METHODS

Study species
Rhamnus persicifolia is a small dioecious tree or shrub. It is closely related to R. cathartica, but with elliptic -lanceolate leaves and reddish ripe drupes. It is endemic to CentralEastern Sardinia (Italy), occurring at 600 -1500 m a.s.l. on both limestone and siliceous substrata. This species grows in scattered groups or as single trees, in riparian woods or hygrophilous scrubs along mountainous waterways (Mattana et al., 2009) . Rhamnus persicifolia is included in the Italian Red Book as vulnerable (Conti et al., 1992 (Conti et al., , 1997 , because of its narrow distribution and population decline, induced by human activities and by climate change (Arrigoni, 1977) . To date, only six populations are known; half of these are threatened by low plant numbers or an unbalanced sex ratio (Bacchetta et al., 2011) .
Seed lot details
Fruits of R. persicifolia were collected directly from 15 plants on 16 September 2011 along the Rio Correboi (RC; Villagrande Strisaili, Ogliastra) and from five plants on 30 September 2011 along the Rio Olai (RO; Orgosolo, Nuoro) streams in CentralEastern Sardinia (see Table 1 ). The low number of sampled plants was due to the few female individuals found in these two populations (see Bacchetta et al., 2011) . Seeds were immediately separated from the pulp by rubbing the fruits through sieves under running water. The cleaned seeds were then spread out and left to dry at room temperature, until the experiments started, as specified below.
Germination tests under controlled conditions
For the RC provenance collection, three replicates of 20 seeds were sown on the surface of 1 % agar water in 90 mm diameter plastic Petri dishes and incubated in the light (12 h light/12 h darkness) for 1 -4 months under a range of constant temperatures (10, 15, 20 and 25 8C) and under an alternating temperature regime (25/10 8C). In the alternating temperature regime, the 12 h light period coincided with the elevated temperature period. At the same time, three different cold stratification periods were started (5 8C in 1 % agar water in 90 mm diameter plastic Petri dishes for 1, 2 and 3 months: C1, C2 and C3 treatments, respectively) and, at the end of each pre-treatment, seeds were incubated, as detailed above.
Due to the low availability of seeds collected in the RO (see Table 1 ), these seeds were only stratified for 3 months at 5 8C and then incubated at 25 8C (12 h light/12 h darkness). These conditions were chosen on the basis of earlier findings (Mattana et al., 2009) .
Germination was defined as visible radicle emergence (.1 mm). Germinated seeds were scored three times a week. At the end of the germination tests, when no additional germination had occurred for 2 weeks, a cut test was carried out to determine the firmness of the remaining seeds and the number of empty seeds. Firm seeds were considered to be viable. This methodology was chosen on the basis of previous findings on seeds of this species, which highlighted a very high seed viability, with 100 % of non-empty seeds staining uniformly red in 1 % solution of 2,3,5-triphenyl-tetrazolium chloride (Mattana et al., 2009) .
Field experiments
Within 15-20 d of collection, seeds were placed in fine-mesh polyester envelopes (three replicates of 25 seeds) and buried in soil at a depth of 2 -3 cm. Envelopes were buried both underneath (IN) and outside (OUT) the canopy, with a distance between them of approx. 6 m, at each experimental site of the two original populations, for a total of six experimental sites for RC, in order to cover the whole altitudinal range of this population, and two for RO (Table 1) . Envelopes buried in experimental sites RC2 and RO were exhumed at intervals of about 3 months from September 2011 to June 2012 (with an intermediate exhumation also in April 2012; Table 1 ). Alternatively, those buried in experimental sites RC1 and RC3 were exhumed only in April and June 2012. Retrieved envelopes were analysed in the laboratory, where they were washed under running water and opened. The number of germinated seeds was recorded, and a cut test was carried out to check the viability of any remaining non-germinated seeds, as described above.
Soil temperatures at the level of the envelopes were recorded IN and OUT of the canopy at 90 min intervals, using data loggers (TidbiT w v2 Temp logger, Onset Computer Corporation, Cape Cod, MA, USA).
Data analysis
The final germination percentage was calculated as the mean of the three replicates + standard deviation (s.d.), on the basis of the total number of filled seeds. Generalized linear models (GLMs) were used to compare: (1) final germination percentages and T b achieved under controlled conditions for seed collected in RC, followed by a post hoc pairwise comparisons t-test (with Bonferroni adjustment); and (2) the field germination percentages at each experimental site (RC1, RC2, RC3 and RO) on different exhumation dates (December 2011 , March 2012 , April 2012 and June 2012 , both IN and OUT of the canopy (see Table 1 ). Generalized linear models, with a logit link function and quasi-binomial error structure, were used when analysing germination percentages, whereas a GLM with a log link function and quasi-poisson error structure was used for analysing T b values. Quasi-binomial and quasi-poisson error structures and F-tests with an empirical scale parameter instead of x 2 on the subsequent analysis of variance (ANOVA) were used in order to overcome residual overdispersion (Crawley, 2007) .
Thermal time analyses were carried out for RC seeds germinating at constant temperatures for untreated seeds (0, control) and after each cold pre-treatment (C1, C2 and C3). Estimates of time (t g , d) taken for cumulative germination to reach different percentiles (g) for successive increments of 10 % germination were interpolated from the germination progress curves . The germination rate (1/t g ) was regressed, using a linear model, as a function of temperature according to the following equation (Garcia-Huidobro et al., 1982) :
An average (+ s.d.) of the x-intercept among percentiles was calculated for the sub-optimal temperature range (10-20 8C) to establish the T b for each treatment Pritchard and Manger, 1990 ). Linear regression equations were then recalculated for each percentile, but constrained to pass through T b (Hardegree, 2006) . A comparison of regressions was then made between this model and one in which the T b were allowed to vary for all the percentiles, and the best estimate was considered to be that which resulted in the smallest residual variance . Thermal time (u, 8Cd) estimates for each treatment were then calculated separately as the inverse of the suboptimal regression equations ; see eqn (1)].
The T b values were fitted as a function of the length of the stratification period using a linear model. Generally, u did not accumulate during pre-treatments because the stratification temperature (5 8C) was lower than the T b . However, in seeds stratified at 5 8C for 120 d (C3), T b reduced during stratification to below the stratification temperature itself. Using the relationship between rate of decline of T b and temperature, and assuming that the rate of reduction of T b continued unchanged, according to Steadman and Pritchard (2004) , u accumulated during the C3 stratification phase (u s ) was calculated.
Germination percentages were transformed to probits using tabular data from Finney (1971) . Linear regression was used to express probit (g) as a function of thermal time (u g ) and the form of cumulative germination response of seeds described by the equation :
where K is an intercept constant when u g is zero, u g may be normal or log-normal distributed (and the best model evaluated on the basis of the r 2 values; Hardegree, 2006) , and s is the standard deviation of the response to u g (i.e. the reciprocal of the slope), and represents the sensitivity of the population to u g . Thus the flatter the slope of the fitted line, the greater the variation in response to thermal time between individual seeds (Daws et al., 2004) .
A heat sum approach was used to predict seed germination in the field, according to Orrù et al. (2012) . These authors used environmental temperatures of the original populations above T b to assess the temperature accumulation until the achievement of u 50 (Orrù et al., 2012) . In this study, soil heat sum was calculated, starting from the date of sowing, according to the following equation, modified from Daws and Jensen (2011) :
where T S is the temperature at each logging interval recorded by data loggers, T b is the base temperature for germination calculated day by day, according to the length of stratification experienced in the field, t is the length of the logging interval expressed in hours and 18 is the number of logging records per day. All statistical analyses were carried out using R v. 2 . 14 . 0 (R Development Core Team, 2011). Pluviometric data for RC (monthly rainfall averages from 1922 to 2009 from the nearby climatic station of Fonni, Nuoro) and RO (monthly rainfall averages from 1936 to 2009 from the nearby climatic station of Montes, Orgosolo, Nuoro) were acquired from Regione Autonoma della Sardegna (http:// www.regione.sardegna.it/j/v/ 25?s=131338&v=2&c=5650&t=1). The presence/absence of the tree canopy of riparian wood with A. glutinosa was observed at each field excursion realized during this study.
RESULTS
Seed germination under controlled conditions
The fitted GLM highlighted a statistically significant effect (P , 0 . 001) on germination of temperature (T ) and treatment (S) factors and of their interaction (T × S; Fig. 1 ) for seeds collected in RC (see Table 1 ). Untreated seeds (0) germinated at percentages ranging from approx. 50 % to approx. 87 % at all the tested temperatures, except at 10 8C where germination was ,15 % (Fig. 1 ). The applied cold stratification treatments increased seed germination percentages and widened the range of germination temperatures (Fig. 1) . In particular, the effect of cold stratification was positive and statistically significant (P , 0 . 001) at 10 8C, with germination increasing with the length of stratification from 12 + 8 % (0) to 92 + 8 % (C3), and at 15 8C, with percentages increasing from 61 + 5 % (0) to 87 + 3 % (C3). Untreated and cold-stratified seeds reached high germination when incubated under the alternating temperature regime (25/10 8C), with percentages .80 % for 0, C1 and C2 treatments, without statistically significant differences (P . 0 . 05); whereas after C3, germination significantly (P , 0 . 05) decreased to 68 + 11 % (Fig. 1) .
Final germination for seeds collected in RO incubated at 25 8C after 3 months at 5 8C was 60 + 7 %.
Thermal requirement for germination
Goodness of fit (r 2 ) for the linear regressions of 1/t against temperature for RC collections showed that the best sub-optimal model included data only up to 20 8C (i.e. excluding 25 8C; Fig. 2A ). Based on germination rate responses for each 10th percentile from 10 to 80 % germination, it was possible to estimate the mean base temperature for germination (T b ) in the suboptimal temperature range for each treatment ( Fig. 2A) . Average T b values were 10 . 5 + 0 . 6, 8 . 5 + 0 . 9, 6 . 1 + 1 . 4 and 2 . 7 + 0 . 8 8C, for 0, C1, C2 and C3 treatments, respectively. For the different treatments, linear regressions were re-calculated for each percentile, constraining them to pass through the mean T b . This model led to no differences in residual sum of squares and showed higher values of r 2 for all of the linear regression equations (r 2 . 0 . 75 for 0, r 2 . 0 . 93 for C1, r 2 . 0 . 81 for C2 (Fig. 2B) . The relationship between T b and the length of the stratification period at 5 8C is shown in Fig. 2B . The linear regression highlighted that this negative relationship was statistically significant (r 2 ¼ 0 . 91, P , 0 . 0001; Fig. 2B Figure 3 shows the relationship between log thermal time (u) and germination expressed in probits, calculated according to eqn (2). The relationship between log u and probit germination had better residual sums of square (0 . 1091, 0 . 0961, 0 . 0228 and 0 . 1366 for 0, C1, C2 and C3, respectively) and r 2 (0 . 95, 0 . 97, 0 . 99 and 0 . 96 for 0, C1, C2 and C3, respectively) than when expressed on a linear scale (data not shown). Thermal time for 50 % of germination (u 50 ) was greater for the control (2 . 59 log 8Cd) compared with the cold-treated seeds (from 2 . 17 to 2 . 19 log 8Cd; Fig. 3 ). Seeds of 0 and C2 had a greater s value (0 . 26 and 0 . 25 log 8Cd, respectively) compared with C1 and C3 (0 . 18 and 0 . 12 log 8Cd, respectively; Fig. 3 ).
Seed germination in the field
In December 2011, the great majority of seeds (.85 %) were dormant (Table 2) , although a few seeds (,3 %) had started to germinate in RO. In March 2012, seeds also started germinating in RC, while the majority of the remaining seeds were still dormant, and the level of dead seeds was always ,7 % (Table 2 ). In RO, the majority of the seeds germinated, reaching values of approx. 70 % both IN and OUT, and the remaining seeds were mainly dead (Table 2) . By April 2012, germination in RC1 was approx. 60 %, with approx. 25 % of seeds remaining dormant and 15 % dead, for both IN and OUT. In RC2 IN and OUT, approx. 75 and 35 % of the seeds, respectively, had germinated; approx. 14 and 45 % of seeds were dormant and approx. 11 and 20 % of seeds were dead. For RC3 OUT, germination reached approx. 43 %, with approx. 10 and 47 % being dormant or dead, respectively. No germination data were available for RC3 IN due to predation by animals ( Table 2) .
At the last exhumation, in June 2012, the percentage of dead seeds was high for all the experimental sites in both populations, ranging from 24 + 9 % for RC1 OUT to 91 + 4 % for RC2 OUT, and all the remaining seeds germinated ( Table 2 ). The bag in RC1 IN could not be retrieved, as it was probably washed away, while seeds in that of RC3 IN were predated by animals ( Table 2) .
Generalized linear models highlighted a statistically significant (P , 0 . 001) effect for all the factors (date, D; position, P; site S) as well as for their interactions, except for the two-way interaction D × P and the three-way interaction D × P × S for which P . 0 . 05 (Table 3) .
Soil heat sum and thermal niche for in situ seed germination
The establishment of the tree canopy of A. glutinosa woods was very similar in the two streams (RC and RO), starting at the end of April and disappearing in mid-October (Fig. 4) . In detail, the annual trend of soil temperatures could be divided into six periods, according to the presence/absence of the canopy and to the seasons, for RC1, RC2 and RO experimental sites: (I) from the sowing at the end of September/early October to the disappearance of the tree canopy in mid-October; (II) from the disappearance of the canopy in mid-October to the start of the stratification period, when mean daily temperatures fell to 5 8C in December; (III) the main stratification period, from December to March, when mean daily temperatures are close to 5 8C; (IV) from the end of the stratification period in March to the appearance of the canopy in April; (V) from the appearance of the canopy in April to the start of the summer droughts in June/July; and (VI) the summer drought period when rainfall drastically reduces (Fig. 4, Table 2 ). The absence of a riparian wood in RC3 (see Table 1 ) led to only four environmental periods: (I) from sowing to the start of the stratification period in December; (II) the stratification period until March; (III) from the end of the stratification period to the start of the summer droughts in June/July; and (IV) the summer drought period.
By combining eqn (3) and the equation in Fig. 2B , where T b was calculated day by day, for RC seeds, according to the length of stratification experienced in the field, it was possible to calculate the soil heat sum reached by the seeds at the different exhumation times for each experimental site of both populations ( Table 2) . The values calculated for RC2 and RO (for which there was a complete temporal sequence) were compared with those estimated using the thermal time (u) model, expressed as probit germination and log 8Cd (for germination values from 10 to 80 %; see Fig. 3 ). The linear regression highlighted a statistically significant relationship between calculated and estimated data (n ¼ 5; P ¼ 0 . 0018; r 2 ¼ 0 . 97; y ¼ 1 . 0992x -0 . 1739).
In RC2 (Fig. 4A) , the length of the effective stratification periods was 92 d for IN and 98 d for OUT (with 41 and 47 d of snow cover, respectively), leading to T b values at the end of the stratification period of 2 . 9 and 2 . 5 8C for IN and OUT, respectively. Before (periods I and II) and during stratification (period III), mean soil temperatures were similar or lower than T b (10 . 2 8C), preventing the soil heat sum accumulation for germination. However, after The soil heat sum values, predicted on the basis of the thermal time (u) model (expressed as probit germination and log 8Cd; see Fig. 3 ), are also reported for the different germination percentages for values from 10 to 80 % (see Fig. 3 ).
G, germinated seeds; V, viable dormant seeds; D, dead seeds; P, predated seeds; NT, envelopes not retrieved. Periods, identified according to the presence/absence of the canopy and to the seasons for all the experimental sites for RC1, RC2 and RO, correspond to: (I) from sowing to the disappearance of the tree canopy; (II) from the disappearance of the canopy to the start of the stratification period; (III) the stratification period; (IV) from the end of the stratification period to the appearance of the canopy; (V) from the appearance of the canopy to the start of the summer droughts; and (VI) the summer drought period. For RC3 they correspond to: (I) from sowing to the start of the stratification period; (II) the stratification period; (III) from the end of the stratification period to the start of the summer droughts; and (IV) the summer drought period. stratification (period IV), the lower T b values and the increasing soil temperatures allowed the threshold of 2 . 19 log 8Cd (which corresponds to the value to achieve 50 % of germination in the laboratory, u 50 ) to be reached 194 (IN) and 211 (OUT) d from sowing (Fig. 4B ). This estimated time was confirmed by the germination recorded in the field (Table 2, Fig. 4C ).
In RC1, the length of the stratification period was 90 d for IN and 104 d for OUT environmental conditions, leading to T b values at the end of the stratification period of 2 . 9 and 1 . 9 8C for IN and OUT, respectively. After stratification, the threshold for u 50 was reached 186 and 200 d after sowing for IN and OUT, respectively, consistent with the field values presented in Table 2 . In RC3, the effective stratification period was 116 d for IN and 93 d for OUT, leading to T b values at the end of the stratification period of 2 . 5 and 2 . 9 8C for IN and OUT, respectively. Therefore, the threshold for u 50 was reached in period III, 171 (OUT) and 219 (IN) d after sowing. Although few field germination data were available for this experimental site, the ) show the detail of the achievement of the u 50 threshold value (2 . 19 log 8Cd). The background grey squares correspond to the presence of the tree canopy. The details of periods I, II, III, IV, V and VI are as given for Table 2 highest germination (43 . 0 + 25 . 2 % for OUT) was recorded in April (Table 2) . In RO, the length of the stratification period was 75 d for both IN and OUT (with 15 and 20 d of snow cover, respectively), leading to T b values at the end of the stratification period of 4 . 4 8C for each site (Fig. 4) . Before (periods I and II) and during stratification (period III), mean soil temperatures were similar or lower than T b (10 . 2 8C), leading to a slow accumulation of heat sum (1 . 73 log 8Cd for IN and 1 . 97 log 8Cd for OUT) by the end of period III (Fig. 4B) . After stratification (period IV), the lower T b values and the increasing soil temperatures enabled u 50 for RC seeds to be reached 164 (OUT) and 178 (IN) d after sowing (Fig. 4B ). Although these times were estimated using data from seeds belonging to a different population (RC), the estimated dates were confirmed by the high germination percentages recorded in the field from March to April (Fig. 4C ).
DISCUSSION
Type of dormancy
Final germination of R. persicifolia seeds was significantly improved by cold stratification (5 8C) at intermediate and low temperatures, confirming the presence of PD and supporting earlier observations (Mattana et al., 2009 ). Physical dormancy is also known in seeds of R. cathartica, R. caroliniana, R. frangula and R. purshiana (Baskin and Baskin, 1998) , R. alaternus and R. cathartica (Dupont et al., 1997; García-Fayos et al., 2001) , and R. alnifolia and R. lanceolata (Sharma and Graves, 2005) . As just 1 month of cold stratification is sufficient to break R. persicifolia seed dormancy, the seeds appear to have non-deep PD (Baskin and Baskin, 2004) . Further, as the temperature range at which the R. persicifolia seeds could germinate widened from higher to lower, the seeds have Type 2 non-deep PD (Baskin and Baskin, 2004) .
Thermal requirements for germination
The optimal temperature for germination of non-dormant seeds of R. persicifolia is presumed to be around 20 8C, as the best fit of the germination rate data in the sub-optimal temperature range excluded 25 8C, which fell in the supra-optimal temperature range. The T b in seeds of R. persicifolia varied from approx. 10 8C for non-treated seeds to approx. 3 8C for seeds cold stratified for 3 months. To our knowledge, this is the first report of T b for a member of the Rhamnaceae. Constraining the linear regressions of each percentile for germination through the mean T b improved the residual sum of squares and r 2 values; therefore, T b can be used to describe the whole population response in R. persicifolia seeds, as previously reported for other species (e.g. Covell et al., 1986; Ellis et al., 1987; Pritchard and Manger, 1990; Orrù et al., 2012) .
Treatments for dormancy release clearly modified T b in R. persicifolia seeds, and the widening of the range of temperatures for germination can be used as a surrogate for the efficient removal of dormancy. Chilling at 5 8C reduced T b in R. persicifolia seeds by approx. 0 . 09 8C d 21 of chilling, such that T b reached the chilling temperature after 68 d of stratification. A similar trend has been observed in A. hippocastanum seeds, with T b reducing by 0 . 17 8C d
21 of chilling at 6 8C (Pritchard et al., 1999) . In both these species, the sequential removal of dormancy lowers T b until the stratification temperature becomes permissive for germination growth per se (Pritchard et al., 1999) . However, the process is nearly twice as rapid in A. hippocastanum seeds, with T b reducing by 1 8C for every 5 . 9 d of chilling compared with 11 . 1 d of chilling in R. persicifolia. Consequently, it is clear that the quantitative impacts of a shortened cold season as a result of climate change will be highly species-specific with respect to the efficiency of dormancy loss and the timing of germination. The best model was obtained by fitting germination expressed in probit and log-normal (log 8Cd) rather than normal distributed thermal times (8Cd), as previously reported for other herbaceous Ellis and Butcher, 1988) and tree species (Pritchard and Manger, 1990) . Seeds of R. persicifolia vary in their thermal time estimates to reach u 50 , depending on treatment. Chilling increased the rate of accumulation of thermal units (8Cd) at any temperature in the sub-optimal range, leading to a reduction in u 50 values from 2 . 59 log 8Cd (385 8Cd) for untreated seeds to about 2 . 18 log 8Cd (150 8Cd) for cold-stratified seeds. Batlla and Benech-Arnold (2003) also detected a cold-induced decrease in u 50 , from 80 8Cd to 56 8Cd, for seeds of Polygonum aviculare stratified at 12 and 1 . 6 8C, respectively. Similarly, the thermal history of V. vinifiera subsp. sylvestris seed lots varying with maternal environment is known to affect u 50 (33 . 6 to 68 . 6 8Cd) for non-dormant, cold-stratified seeds (Orrù et al., 2012) .
Soil heat sum and thermal niche for in situ seed germination Maximum germination of Mediterranean species is typically in the range 5-15 8C and is limited to autumn and winter, and usually decreases markedly above 20 8C (Thanos et al., 1995; Luna et al., 2012) . Rhamnus persicifolia showed a typical germination phenology of temperate and alpine plants, where spring germination prevails due to temperatures being too low to stimulate emergence following autumn dispersal or due to a requirement for cold stratification over winter (Baskin and Baskin, 1998; Walck et al., 2011; Mondoni et al., 2012) . However, under harsh Mediterranean climatic conditions, the topsoil in the mountains remains moistened for only a few weeks after snow-melt, such that adaptation for fast germination in the early spring is an advantage (Giménez-Benavides et al., 2005; Mattana et al., 2010) . The dormancy breaking and thermal time requirements identified in this study, together with the recorded annual trends in soil temperature, allowed a model for the thermal niche of seed germination to be constructed and spring emergence to be predicted for R. persicifolia seeds. Soil temperatures of around 5 8C (i.e. the stratification temperature tested in the controlled conditions) from December to February for RO (approx. 75 d) and from December to March (approx. 95 d) for RC facilitate both a fall in T b to approx. 3 8C and efficient germination of the seeds in March and April when the mean soil temperatures are approx. 10 8C.
Plant distribution and competitiveness are highly dependent on environmental envelopes or niches (Walck et al., 2011; Bykova et al., 2012) . For R. persicifolia habitat, up to six temperature periods were identified throughout the year, which contribute to a better understanding of the field germination period in this and other species growing along Mediterranean mountain waterways; especially as there have, hitherto, been no historical series of monthly averages of temperatures and rainfall at altitudes higher than approx. 1100 m a.s.l. in Sardinia. In each investigated site, seed germination of R. persicifolia was obtained after cold stratification, when the canopy was absent. Tree canopy seems therefore to have no influence on seed germination sensu stricto, but closure of the canopy could influence survival of newly established seedlings due to microclimate amelioration (moister and cooler) during the dry and hot Mediterranean summers (Valiente-Banuet et al., 1991; Greenlee and Callaway, 1996; Gómez-Aparicio et al., 2005) . This was confirmed by the high germination percentages reached under controlled conditions by untreated and cold-stratified seeds (.80 %) when incubated under the alternating temperature regime (25/10 8C). The ecological significance of germination stimulation by alternating temperature can be interpreted as a season-sensing system for temperate plants because the diurnal fluctuation of the soil surface temperature is large in the spring before dense vegetation covers the ground of deciduous forest or grassland (Shimono and Kudo, 2003) .
The ecology of germination identified in this study for R. persicifolia explains the present distribution of this species which is mainly limited to small 'temperate' refuge areas along mountain waterways (Mattana et al., 2009) , where the general lack of rainfall during summer is overcome by the moisture of the soil. These findings confirm the identification of R. persicifolia as a species with a relic distribution, as previously reported by Arrigoni (1977) and Bacchetta et al. (2011) .
The quantification of thermal time for germination has been used in different studies to characterize changes in seed dormancy and subsequent germination in the field (i.e. Forcella et al., 2000; Hardegree and Van Vactor, 2000; Steadman et al., 2003; Chantre et al., 2009) . Recently, Orrù et al. (2012) used an environmental heat sum approach (using mean monthly temperatures) to predict germination timing under two simulated IPCC scenarios (+1 . 8 8C for B1 and + 3 . 4 8C for A2; IPCC, 2007) for V. vinifera subsp. sylvestris seeds. The B1 scenario of +1 . 8 8C would still adequately overcome dormancy for all the investigated populations, whereas under the A2 scenario with +3 . 4 8C the higher winter temperature would not allow seed dormancy loss in the lowest investigated population (Orrù et al., 2012) . The same altitude-related pattern of seed dormancy release and germination in response to global warming can be assumed for R. persicifolia seeds. An increase of +1 . 8 8C (B1) would not reduce the stratification period at 5 8C for the high RC population (approx. 90 d, leading to a T b of approx. 3 8C), whereas it could affect that of the low RO population (approx. 21 d; T b of approx. 9 8C). However, an increase of +3 . 4 8C (A2) would reduce the cumulative stratification time at 5 8C to only 50 (T b of approx. 6 . 5 8C) and 17 d (T b of approx. 9 8C) for RC and RO, respectively. According to the B1 scenario, these changes in T b and the increased soil temperatures would affect the germination time, by anticipating field germination to February-March and March -April, for RO and RC, respectively. An increase of 3 . 4 8C (A2) could lead to germination in the field in autumn (November) in both sites. This phenological shift to germination in autumn is possible as seeds of this species may also germinate at temperatures ≥15 8C without any cold stratification. Therefore, warmer temperatures and a consequent reduction of the stratification period would not be detrimental per se for seed germination. However, seedling survival over winter might then become the limiting event for the natural regeneration of the species. Moreover, projections for Mediterranean mountains predict lower precipitations mainly during spring (Nogués-Bravo et al., 2008) , and the seedling growing season could also be shortened by a reduction in soil moisture and water availability.
Conclusions
In conclusion, Type 2 non-deep PD was identified for R. persicifolia seeds, the thermal niche requirements for dormancy release and germination were quantified, and predictions for germination were validated through field observations of emergence. Overall, the results confirm the value of using a soil heat sum approach to predict the effects of subtle changes in field temperature on germination performance. The soil heat sum model developed for seed germination in this species may have applicability to predictions of in situ regeneration of other species growing by Mediterranean mountain waterways and of PY species of temperate and alpine regions, where spring germination prevails due to a requirement for cold stratification over winter.
